Abstract-More and more wind turbine manufacturers turn to using the full-scale power electronic converter due to the stricter grid code requirements to thoroughly decouple the generator from the grid connection. However, a commonly used type of this generator is still unclear, where the selections of the low-speed (LS; direct-drive) and medium-speed (MS; one-stage) permanent-magnet synchronous generators (PMSGs) are both promising solutions. This paper will assess and compare the reliability metrics for the machine-side converter (MSC) for those two configurations. First, a translation from the mission profile of the turbine to the current and voltage loading of each power semiconductor is achieved based on synchronous generator modeling. Afterward, a simplified approach to calculate the loss profile and the thermal profile is used to determine the most stressed power semiconductors in the converter. Finally, according to the lifetime power cycles, the lifespan can be calculated when operating in various wind classes. It is concluded that, although the LS PMSG is able to eliminate the gearbox, the lifespan of its MSC is lower than the one-stage MS generator.
I. INTRODUCTION
A FTER the transition from the constant-speed squirrelcage induction generator to the variable-speed generator, a number of generator types are adopted by the wind turbine manufacturers, and the most optimum concept is still under discussion [1] - [5] . Initially, the wind turbine system equipped with the doubly-fed induction generator (DFIG) became attractive due to its traditional generator technology, having an affordable power converter and full controllability of the active and reactive power [6] . However, with the steady increase of wind power penetration, grid codes are regularly updated, and they have become stricter and stricter [7] , [8] , which prevents an Distribution of failure rate and downtime for different parts in a wind turbine system [13] .
overwhelming use of this partial-scale power-converter-based configuration, because of its poorer low-voltage ride-through capability, as discussed in [9] and [10] . Correspondingly, more and more manufacturers turn to the solution based on the fullscale power converter, whereas the generator type is still uncertain. The options are the asynchronous induction generator, the electrically excited synchronous generator, and the permanentmagnet synchronous generator (PMSG) [11] . In the case of the PMSG application, the elimination of slip rings, a simpler gearbox, and better grid support ability are the main advantages compared with the DFIG concept. Nevertheless, it will cause more expensive power electronic converters and higher loss dissipation in the power converters [12] . Simultaneously, the wind farms are moving from onshore to offshore to reduce the environmental impact and to obtain better wind conditions. Because of the high-cost operation and maintenance of the offshore wind farm, the lifespan of the wind turbine system preserves to be 20-25 years, which is much longer than the traditional industrial standard for power electronic products [13] . Fig. 1 shows the distribution of failure rate and downtime in a wind turbine system [13] . The power electronic component seems to have the highest failure rate, and its reliable operation becomes of interest from the manufacturer's perspective [13] - [17] . Moreover, Fig. 2 shows the stressors distribution in a power electronic system, and it is evident that the thermal stress is the dominant factor, which leads to most of the failure occurrence [18] .
A lot of studies have already been carried out to assess the reliability of the power electronic components in wind power application [19] - [22] . As stated in [19] , the lifespan of the wind 0278-0046 © 2015 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/ redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. Fig. 2 . Stressors distribution in a power electronic system, which are affecting reliability [18] .
power converter is estimated seen from the thermal cycling of the power component. However, the used concept of mean time to failure is becoming outdated, as it does not take the real mission profile into account. The lifetime of the power device is analyzed by using multitimescale of the mission profile in [20] , but only the grid-side converter is focused on, and the characteristics of the wind power generator are not taken into account, which gives another thermal loading of the converter as the fundamental frequency is low and variable. Moreover, as stated in [21] , the thermal cycling of the device can be induced either by the current commutation within one fundamental period or by the fluctuations of wind speed and ambient temperature. This paper addresses a general approach to estimate the lifetime of the machine-side converter (MSC) in a wind power application. As the concepts of low-speed (LS) and medium-speed (MS) PMSGs are becoming more widely used, the reliability assessment of both configurations is analyzed and compared seen from their estimated lifetime. This paper is organized as follows. In Section II, the focused topologies of the PMSGs and their modeling are addressed and described. Afterward, Sections III and IV deal with the analytical calculation of the loss profile and the thermal profile. In accordance with the definition of the wind class, Section V estimates and compares the lifetime of the power converters in various PMSG topologies. Finally, some concluding remarks are drawn in the last section.
II. FOCUSED GENERATOR TYPES
Although various generator types can be used to match a fullscale power converter, this paper is only interested in the directdrive and one-stage gearbox PMSG systems, as they are the most used systems in the industry.
A. System Structures
Since the rotor speed of the direct-drive generator is the same as the turbine speed, an LS generator can be used. However, if a gearbox is preferred, the generator speed can be much faster than the turbine speed, by using a multistage gearbox for a highspeed generator or a one-stage gearbox for an MS generator. With respect to the multi-MW PMSGs, the systems can be a one-stage system or even a direct-drive system, which indicates that the rotor speed becomes low enough to match the turbine speed because of the dozens of pole pairs in the generators.
The configurations equipped with the LS and MS PMSGs are shown in Fig. 3(a) and (b), respectively. The full-scale MSC and grid-side converter are linked together through the dc capacitor C to decouple the generator and the grid. It should be noted that different behaviors of the MSC can be expected due to the used generator types, whereas the grid-side converters of both systems perform the same characteristics. As a result, only the MSC is in focus in this paper. Moreover, a similar approach of the reliability assessment can be extended to the grid-side converter, as discussed in [23] .
B. Wind Turbine
A 2-MW wind turbine is used as a case study to assess the systems, and the size is used for both the LS and MS PMSG systems. The most important parameters are listed in Table I [24] . It can be seen that the wind turbine generates electrical power from the cut-in wind speed at 3 m/s until the cutoff wind speed of 25 m/s, and the turbine speed varies from 6 to 18 r/min, in which the wind speed at 12 m/s is regarded as the rated wind 
C. PMSG Modeling
To achieve independent control of the active and reactive power, the d-axis and q-axis equivalent circuits are widely used in modern drive systems. Regardless of the LS or the MS PMSG, it is modeled as shown in Fig. 5 [25] , and the stator voltage at the d-axis u sd and at the q-axis u sq can be expressed as
where i sd and i sq denote the stator current in the d-and q-axes, R s and L s denote the stator winding resistance and the stator inductance, ω e denotes the angular frequency of the stator current, and ψ m denotes the rotor flux linkage.
As the rotor speed of the LS generator is very low to match the revolution of the wind turbine, a multipole structure makes this generator heavier and bulkier, which is a challenge because of the limited nacelle space. A tradeoff solution of the MS generator can be realized by using a one-stage gearbox. Since its pole pairs are much less than the LS generator, it leads to a smaller size and lighter weight. The parameters of the LS and MS PMSGs are summarized in Table II , in which 26 pole pairs appear in the LS generator, which is much higher than the eight pole pairs of the MS generator. Moreover, due to the existence of gear ratio in the MS generator, the frequency range of the LS generator stator current is only 2.6-7.8 Hz, which is much smaller than the MS generator of 16-48 Hz.
Although the application of the LS PMSG may avoid the existence of the gearbox, which is commonly considered as a fragile part of the wind turbine system, this paper is only [11] , [26] focused on the reliability of power electronic converters. The flowchart to assess the reliability metrics of the power electronic components in the wind turbine system is shown in Fig. 6 . The procedure starts with the analysis of the power profile to establish the relationship between output power P s and wind speed v w . With the help of the PMSG model and the loss model for the power electronic components, the loss dissipation of the insulated-gate bipolar transistor (IGBT) P T and the diode P D can be calculated according to the loading profile of the power converter. Based on the thermal model of the power module, the thermal profile of the power semiconductors can be calculated in terms of the mean junction temperature T jm and the junction temperature fluctuation dT j . Afterward, the power cycles of the power semiconductor N f can be obtained, taking into account the Coffin-Manson model and the on-state time effect. Finally, considering the mission profile (such as wind speed distribution and wind class), the B 10 lifetime of the power converter can be estimated.
III. LOSS PROFILE CALCULATION
On the basis of the modeling of the PMSG, the loading profile of the MSC equipped with LS and MS generators is evaluated and compared in terms of current, voltage, and displacement angle. Then, the loss dissipation for the MSC with different generator types is analyzed and calculated.
A. Loading Profile
To evaluate the loss dissipation, the loading profile of each power component needs to be calculated in advance. As a control scheme of zero d-axis current is usually preferred seen from the minimum generator copper loss [26] , the amplitude of the stator current is solely determined by the q-axis current component, which can be calculated by the output power, as shown in Fig. 4 over the q-axis stator voltage expressed in (2) . Neglecting the voltage drop across the stator resistance and stator inductance, it can be stated that the stator voltage in the q-axis is mainly caused by the electromotive force (EMF), which is the product of the stator angular frequency and the permanent-magnet rotor flux linkage. Correspondingly, the relationship between the stator current and the wind speed is shown in Fig. 7(a) . It is noted that the stator current keeps increasing until the rated wind speed is reached. Moreover, the current characteristics between the LS and MS generators are almost the same because of a similar EMF calculated according to the relevant parameters listed in Table II . Furthermore, it can be seen that the maximum stator current at the rated wind speed already exceeds 3.0 kA. For a state-of-the-art low-voltage IGBT power module of 1 kA/1.7 kV, this rating cannot be realized without using a paralleled structure.
Meanwhile, the generated q-axis current also contributes to the stator voltage in the d-axis as described in (1) , and this component is minor compared with the q-axis stator voltage. The stator voltage profiles of the LS and MS generators are shown in Fig. 7(b) , in which the similar behavior can still be observed. However, another turning point appears around the wind speed at 10 m/s. As shown in Fig. 4 , the turbine speed obtains the maximum value above this wind speed, which also causes the maximum stator angular frequency. The constant value of the EMF induces the slow increase of the stator voltage because of a higher stator current as calculated in (2) .
The displacement angles between the stator current and the stator voltage are then shown in Fig. 7(c) . The displacement angle becomes almost −180
• at the cut-in wind speed, and the reason is that d-axis stator voltage is ignorable due to the relatively low stator current. With a higher wind speed, the higher stator current induces a higher d-axis stator voltage, which makes the displacement angle deviate from −180
• .
B. Loss Calculation
The loss dissipation of the power switching device consists mainly of the conduction loss and the switching loss. As shown in Fig. 8 , some relevant variables are required to be translated from the produced power by the maximum power point tracker of the wind turbine system. To eliminate the junction temperature influence on the power loss, the power loss information used from the datasheet is assumed to operate at maximum junction temperature (150
• C) for the worst scenario. With respect to the conduction loss, if space vector modulation with a symmetrical modulation sequence method of the no-zero vector and the zero vector is adopted under certain dc-link voltage [27] , the stator voltage u s and the displacement angle ϕ s can be obtained through the PMSG model and can be used to estimate the duty cycle d for each switching pattern. Then, the conduction loss in each power device P con can be calculated as [12] where the first term is the conduction loss of the IGBT P T _con , and the second term is the conduction loss of the freewheeling diode P D_con . i a is the current through each power component, T s is the switching period, and V ce and V f are the voltage drop of the IGBT and the diode during their on-state period, which are normally given by the manufacturer. N is the carrier ratio, whose value is the switching frequency f s over the fundamental frequency f e , and the subscript n is the nth switching pattern.
The switching loss in each power device P sw can be calculated as
The first term is the switching loss for the IGBT P T _sw , and the second term is the switching loss for the freewheeling diode P D_sw . E on and E off are the turn-on and the turnoff energy dissipated by the IGBT, and E rr is the reverserecovery energy dissipated by the diode, which are normally given by the manufacturer at a certain dc-link voltage V * dc . It is assumed that the switching energy is proportional to the actual dc-link voltage V dc . To calculate the switching loss, only the information about the stator current and its frequency is needed.
With the important parameters listed in Table III , the losses of the IGBT and the diode in each power switch are compared in Fig. 9 with the LS and MS generators. Regarding the conduction loss, the freewheeling diode is having more power dissipation than the IGBT due to the fact that the power is flowing from the synchronous generator into the dc link and then fed into the grid. For the switching loss, because of the higher switching energy in the IGBT chip, the diode has the lowest loss dissipation. Moreover, an equal loss breakdown of the LS and MS generator systems is observed due to the same loading profile and switching frequency. Afterward, the total loss of the IGBT punch-through and the diode PD are shown in Fig. 10 . It is noted that, regardless of the LS and MS generators, the loss dissipation of the IGBT and the diode is almost similar. A slight difference occurs in the diode due to the various fundamental frequencies of the generators. 
IV. THERMAL PROFILE CALCULATION
Based on the loss dissipation calculated in Section III, this section will further discuss and evaluate the thermal stress of the power semiconductor devices.
A. Thermal Model
Two kinds of thermal network are commonly adopted to model the thermal behavior: the more physical-meaning-based Cauer structure and the experimental-result-based Foster structure. The latter is actually more preferred by the industry [28] , [29] . It is the thermal impedance that decides the junction temperature of the power device, which usually consists of the power module itself (from junction to baseplate or case), the thermal interface material (TIM), and the cooling method, as shown in Fig. 11 .
Generally, the thermal time constant of a typical air-cooled system is from dozens to hundreds of seconds for a megawattlevel power converter, whereas the maximum thermal time constant of the power module itself is hundreds of milliseconds. On the other hand, the maximum fundamental period of the MSC output current is only hundreds of milliseconds in the case that the LS PMSG is used, which implies that the thermal cycling caused by air cooling can almost be neglected [29] , [30] . As a result, for the steady-state thermal cycle, the thermal model of the cooling method will only affect the mean junction temperature, but it will not disturb the junction temperature fluctuation. 
B. Thermal Cycling
The mean junction temperature T jm and the junction temperature fluctuation dT j are normally regarded as the two most important reliability stressors, and the formulas to calculate them are [31] , [32] 
In (5), R thjc is the thermal resistance from the junction to case of the power module, R thca is the thermal resistance of the air-cooling system, in which subscripts T and D denote the IGBT and the freewheeling diode, whereas subscripts i and j denote the four-layer and the three-layer Foster structure for the power module and air cooling, respectively. P is the power loss of each power semiconductor, and T a is the ambient temperature. In (6), t on denotes the on-state time within each fundamental period of the current at the steady-state operation, t e denotes the fundamental period of the current, and τ denotes the thermal time constant of each Foster layer.
According to (5) and (6), and together with the loss profile shown in Fig. 10 , the thermal profile of the IGBT and the diode can be calculated for the wind turbine operation, as shown in Fig. 12 . With respect to the mean junction temperature, although a similar loss dissipation of the IGBT and the diode can be found in Fig. 10 , the diode has a higher mean junction temperature due to its higher thermal resistance caused by smaller chip size.
For the junction temperature fluctuation, as shown in (6), the amplitude of the thermal cycling is closely related to the power loss and the fundamental period of the stator current. As the similar power loss of the IGBT and the diode can be found between the LS and MS generators as shown in Fig. 10 , a lower fundamental frequency of the LS generator leads to higher thermal cycling. In brief, it can be seen that the diode is the most stressed in terms of the mean junction temperature 
V. LIFETIME CALCULATION
This section introduces a method to estimate the lifetime of the power converter and compares the lifetime of the LS and MS PMSG systems, in which the assumptions for the reliability evaluation are also addressed.
The power electronic reliability involves multidisciplinary knowledge, which covers analytical physics to understand the failure mechanisms of power electronic products; the design for reliability and robustness validation process to build up reliability and sufficient robustness during the development process of the power electronic device; as well as intelligent control and condition monitoring to ensure reliable field operation under a specific mission profile [33] . Consequently, the lifetime estimation for the power semiconductor device is not an easy task, and the following assumptions are made. a) Although the bond-wire liftoff and the soldering cracks between the different layers occur frequently in power modules due to fatigue [28] , [32] , a unified failure mechanism is assumed in this study. b) The Miner's rule is used for the lifetime calculation [35] , which means that a linear damage accumulation in the fatigue is assumed, and the component parameters will seldom deviate along with the system operation.
c) As most of the manufacturers cannot provide the numbers of power cycling with small temperature swing and high cycling frequency, extended data are obtained through the conventional Coffin-Manson lifetime model [37] . d) The confidence level due to parameter variation is not of concern in this paper, and the used B 10 lifetime model specifies that if the power cycles reach the specific value, 10% of the total sampling devices will be damaged [34] .
To calculate the power cycles of the power semiconductor, the Coffin-Manson formula is used [32] , [36] , i.e.,
It can be seen that the power cycles are closely related to the junction temperature fluctuation dT j and the mean junction temperature T jm . Moreover, E a and k b denote activation energy and Boltzmann constant, respectively [32] . α and A are obtained according to test data of power modules provided by the manufacturer.
According to [32] , the on-state time within each fundamental period t on is also closely relevant to the power cycling capability, and this factor should be taken into account as well. Thus,
Based on (7) and (8), the strength model of the power semiconductor device can roughly be estimated (i.e., the number of the power cycles can be undertaken before the failure occurs). The relationship between the lifetime power cycles and the wind speed is shown in Fig. 13(a) , in which the LS and MS generators are both involved. Compared with the IGBT and the diode chip, it is evident that the diode has lower B 10 lifetime power cycles due to its higher mean junction temperature as well as the junction temperature fluctuation. Moreover, since the LS PMSG has an even higher mean junction temperature and larger junction temperature swing, it is noted that the LS generator has lower power cycles at all operational wind speeds, which is consistent with (7) .
Nevertheless, the manufacturers are more concerned about the lifespan of the system, and the mission profile is important for the stress analysis. For a wind energy conversion system, it can almost be regarded that the wind profile appears periodically every year, the annual CL can be calculated by dividing the total number of cycles per year by the B 10 lifetime estimated by (7) and (8), i.e.,
where D is the annual percentage of every wind speed, f e is the fundamental frequency of the stator current, and N f is the B 10 lifetime power cycles. Subscript m denotes the various wind speeds from the cut-in to the cutoff wind speed. According to the IEC standard [38] , three various wind categories, namely, Class I, Class II, and Class III, can be used, whose average wind speeds are 10, 8.5, and 7.5 m/s, respectively. If the wind Class I is applied by using Weibull distribution of the wind speed [39] , the annual CL can be calculated, and it is graphically shown in Fig. 13(b) . Although the LS generator has a lower fundamental frequency, the CL of the LS generator is higher than the MS generator due to the much lower B 10 power cycles of the LS generator.
As shown in Fig. 14 , the procedure to estimate the lifetime of the wind power converter is comprehensively illustrated from the mission profile to reliability metrics. The TCL can then be estimated by the decomposition of the wind speed in terms of a wind speed increment of 1 m/s, i.e., As shown in Fig. 13(c) , the lifetime of the diode chip and the IGBT chip is compared, and it indicates that the IGBT lifetime is at least ten times higher than the diode regardless of the LS or the MS PMSG. As a consequence, it is fair to assume that the lifetime of the MSC is determined by the diode, and in the following, the lifetime estimation of the power converter will only focus on the diode chip.
As shown in Fig. 15 , the normalized TCL between the MSCs of the LS and MS generators is compared with various wind classes, where the lifetime of the LS generator at wind Class I is regarded as the base value. It is obvious that, regardless of the wind class, the lifetime of the LS generator becomes much lower compared with the MS generator application. For instance, if a Class-I wind profile is selected, the annual lifetime consumption of the LS generator is 1.00E + 00, and the MS generator is 3.57E-3, which implies that the lifespan of the MS generator system is almost 300 times higher than that of the LS generator system. Moreover, if different wind classes are used, the tendency of the lifetime distribution appears to be almost the same.
VI. CONCLUSION
This paper has described and addressed a universal method to calculate lifetime for the power electronic converter equipped with LS and MS PMSGs. First, the translation from the mission profile to the current and voltage loading of each power semiconductor can be achieved based on synchronous generator modeling. Afterward, a simplified approach to calculate the loss profile and the thermal profile can determine the most stressed power semiconductor (the IGBT or the freewheeling diode). Finally, according to the modeling of the B10 lifetime power cycles, the lifespan can be deduced and compared with various wind classes. It is concluded that the lifespan of MSC equipped with an LS PMSG is much lower than the one-stage MS generator, since the thermal cycling of the LS generator becomes much higher due to its lower operational frequency. To overcome this issue, a higher rating of the power converter may be required for the LS generator for the similar lifespan of the MSC equipped with the MS generator. However, the reliability metrics of the MS generator may be compromised seen from the system point of view due to the existence of the gearbox.
